The objective of this project is to lay the foundation for using ordered nanoporous materials known as metal-organic frameworks (MOFs) to create devices and sensors whose properties are determined by the dimensions of the MOF lattice. Our hypothesis is that because of the very short (tens of angstroms) distances between pores within the unit cell of these materials, enhanced electro-optical properties will be obtained when the nanopores are infiltrated to create nanoclusters of metals and other materials. Synthetic methods used to produce metal nanoparticles in disordered templates or in solution typically lead to a distribution of particle sizes. In addition, creation of the smallest clusters, with sizes of a few to tens of atoms, remains very challenging. Nanoporous metal-organic frameworks (MOFs) are a promising solution to these problems, since their long-range crystalline order creates completely uniform pore sizes with potential for both steric and chemical stabilization. We report results of synthetic efforts. First, we describe a systematic investigation of silver nanocluster formation within MOFs using three representative MOF templates. The as-synthesized clusters are spectroscopically consistent with dimensions  1 nm, with a significant fraction existing as Ag 3 clusters, as shown by electron paramagnetic resonance. Importantly, we show conclusively that very rapid TEM-induced MOF degradation leads to agglomeration and stable, easily imaged particles, explaining prior reports of particles larger than MOF pores. These results solve an important riddle concerning MOFbased templates and suggest that heterostructures composed of highly uniform arrays of nanoparticles within MOFs are feasible. Second, a preliminary study of methods to incorporate fulleride (K 3 C 60 ) guest molecules within MOF pores that will impart electrical conductivity is described.
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INTRODUCTION
The objective of this project is to lay the foundation for using ordered nanoporous materials known as metal-organic frameworks (MOFs) to create devices and sensors whose properties are determined by the dimensions of the MOF lattice. Our hypothesis is that because of the very short (tens of angstroms) distances between pores within the unit cell of these materials, enhanced electro-optical properties will be obtained. Specifically, we expect tunneling rates through MOFs will be greatly enhanced if a few unit cells can be deposited in a bridging fashion across patterned electrodes. In addition, our preliminary work shows that, unexpectedly, enhanced Raman signals are observed when MOF films are infiltrated with silver. Transmission electron microscopy (TEM) images show that the average size of the silver particles thus formed is smaller than the 5 nm typically thought be the lower limit for SERS to occur. These experiments also reveal that what appear to be silver nanowires passing through the nanopores of the lattice can sometimes form. Since nanoporous MOFs can have extremely high surface areas (more than a factor of 5 higher than the highest surface area zeolites) and have tailorable pore chemistry, the potential exists to create sensors that respond rapidly and specifically to analytes adsorbed within the pores. Alternatively, the dielectric (or potentially semiconducting) MOF could be used as the matrix for assembling highly ordered hybrid structures containing nanowires embedded in the the lattice. Interesting electrical properties may result if a paramagnetic MOF is used. Finally, MOFs could be used as removable templates, which could be dissolved chemically in the presence of protecting groups such as surfactants to allow the creation of either nanoparticles or nanowires with extremely narrow size distributions determined by the size of the MOF nanopores.
This project consisted of two efforts: 1) infiltration and characterization of MOFs with silver, using a novel liquid-phase technique to create silver nanoparticles and/or nanowires and 2) exploration of strategies for creating electrical conductivity within MOFs by doping with potentially conducting materials such as C 60 , alkali metals, and polyaromatics such as anthracene. We showed that electron beams, such as those produced by electron microscopes, damage MOFs, causing the framework to collapse and allowing metal nanoclusters enclosed within the pores to agglomerate. In some cases, this degradation occurs extremely quickly (within seconds). As a result, the misleading impression is created that the nanoparticles originally created by infiltration are larger than the actual pores. It is now clear that MOFs are capable of stabilizing silver clusters as small as Ag 3 (determined by electron paramagnetic resonance; EPR) and that they can serve as effective templates for nanoparticles of the size of their pore dimensions.
SILVER CLUSTER FORMATION, DYNAMICS, AND CHEMISTRY IN METAL-ORGANIC FRAMEWORKS *
Introduction
Template-directed synthesis is a common route to a wide range of nanomaterials with welldefined shapes and sizes. Nanostructures with dimensions of tens to hundreds of nanometers can be straightforwardly realized with hard templates, such as anodic aluminum oxide (AAO). Even smaller dimensions can be achieved using soft templates, such as surfactants; however these templates do not provide a three-dimensional support structure and can make the particles inaccessible to the environment. Recently, MOFs have emerged as a promising new class of templates that combine the long-range order of hard templates with the small diameter and synthetically flexible environment of soft templates. In seminal work by the group of Fischer et al., both vapor-phase and solution methods were used to infiltrate MOFs with Pd, Pt, Au, Cu, and Ru (see refs. 1, 2 and references therein). Moon et al. also report the use of a redox-active MOF to create Ag and Au nanoparticles, although the generality of this method is limited because currently there are few redox-active MOFs. 3, 4 Our interest in MOF-templated metal particles stems from our recent demonstration that evaporating silver onto a MOF film produces an apparent surface-enhanced Raman scattering (SERS). 5 However, scanning electron microscopy (SEM) revealed no particles on the surface, suggesting that the MOF layer had been infiltrated by the silver. Surprisingly, reported TEM analyses of metal@MOFs show metal clusters with dimensions several times larger than those of the MOF pores, typically 3 -5 nm vs. 1.8 nm. The reasons for this are unclear, although in the case of Ag and Au particles the known high mobility of the metals is thought to be the cause. 6 When MOF-5 was used as the template, the MOF crystal apparently remained intact, even though the observed particles were much larger than the pores.
1, 2, 6, 7 Turner et al. reported that a focused TEM beam destroys the MOF-5 framework, but based on electron tomography concluded that 1 -3 nm Ru and Pd clusters were formed inside the framework. However, they did not explain how particles larger than the pore could form without destroying the framework. 3, 4, 7 We initially hypothesized that MOFs with differing pore sizes, structures, and chemistries could serve as templates to create and stabilize silver nanoclusters, while also maintaining access to a solution or gas phase for SERS-based chemical sensing. The resulting systematic study described here demonstrates that both physical and chemical cluster templation occur in MOFs, confirming our hypothesis. In the process, however, we also discovered the likely answer to the larger-than-pore cluster phenomenon.
Experimental Methods
We chose three water-stable MOFs for this study, representing different canonical structures, to understand the effect of pore size and geometry on templated particles: Cu(BTC), 8 MOF-508, 9, 10 and MIL-68(In). 11 Cu(BTC) (also known as HKUST-1) has a primitive cubic structure with two types of individual spherical pores (~1.56 nm diameter for the accessible pore) based on Cu(II) and trimesic (benzenetricarboxylic) acid. MOF-508 is an interpenetrated, structurally flexible, pillared-sheet structure with 1D-channels based on zinc, therephthalic (benzenedicarboxylic) acid and 4,4-bipyridine. MIL-68(In) is a Kagomé-type structure formed from indium and therephthalic acid and having open 1D-channels with 2.2 nm and 1.1 nm diameters. In all three cases the MOF secondary building unit contains metal-carboxylate linkages.
We infiltrated these MOFs using an aqueous-ethanolic solution of silver(I) nitrate. Solutionbased infiltration of metal salts into MOFs has been demonstrated for Pd, 12 Ag, 13 and Au, 3, 4 but in these cases infiltration was accompanied by significant decomposition of the framework. Although our method precludes the use of IRMOFs due to their instability in aqueous environments, 14 it delivers silver efficiently to the pores of Cu(BTC), MOF-508, and MIL-68(In) without degradation, as shown by powder x-ray diffraction (PXRD; Fig. S1 ). Once within the pores the Ag(I) is reduced in the presence of EtOH to Ag(0) with essentially 100% yield (based on x-ray photoelectron spectroscopy; see below), as expected. 15 Additional details may be found in Appendix A.
Results
Elemental analysis of the infiltrated products provides the first indication of the effects of pore geometry. Silver loadings of 8 w% in Cu(BTC), 29 w% in MOF-508, and 31 w% in MIL-68(In) were obtained. The reduced loading in Cu(BTC) reflects the relatively poor transport resulting from its small pore openings (~ 1 nm). Both MOF-508 and MIL-68(In) have channel-like pore structures that allow greater mobility of the Ag + ions through the MOF structure. The corresponding average per-pore loadings are 1.7, 3.2, and 19.3 Ag atoms for Cu(BTC), MOF-508, and MIL-68(In), respectively. Spectroscopic, TEM, and XRD evidence presented below indicate that Ag forms molecular-scale clusters distributed uniformly throughout the MOF crystals and that formation of particles larger than the pore dimensions occurs only at elevated temperatures or under electron-beam irradiation.
One would expect that TEM could provide clear evidence of infiltrated silver clusters, since under favorable circumstances even single atoms can be imaged, and contrast scales as the square of the atomic number. 16 Previous investigators reported that although the TEM beam damages the MOF framework this does not affect the size of the particles. Our investigation confirms the susceptibility of MOFs to TEM damage. 6, 7, 17 However, we reach a very different conclusion with respect to the templated clusters: namely, the TEM electron beam damages MOF structures so quickly (within a few seconds to at most 1 min) that it appears that metalinfiltrated samples are unchanged by the beam. We demonstrated this by performing TEM in bright-field mode. To minimize beam damage we used a small (50 µm) condenser lens aperture and maintained a defocused beam whenever possible to minimize the local beam current. We also cooled the MOF samples to ~100 K using a liquid nitrogen-cooled stage to further minimize beam damage. Video taken in situ in the TEM dramatically illustrates the MOF decomposition and subsequent Ag coalescence in real time (see Supporting Information). 4 The MOF crystal structure begins to break down almost immediately upon illumination with the electron beam. Waves of light and dark contrast can be seen, which indicate changing Bragg conditions in the MOF crystal structure. After the crystal structure has broken down, the infiltrated Ag begins to coalesce. This proceeds until clusters between 2 to 5 nm in diameter are formed, at which point the resulting structure becomes stable in the electron beam.
To provide even stronger evidence that Ag particles permeate the entire MOF template we performed electron tomography. Tomography is the process of reconstructing a three-dimensional virtual object from individual images, which can then be transformed and manipulated to obtain images from a variety of viewing directions. 18, 19 Since the MOF template and Ag have significantly different average atomic mass, the contrast is sufficient to form useful images of Ag within the framework. A series of scanning transmission electron microscopy (STEM) images of the same area were collected for every degree of tilt over the range ±35° with a camera length of 15 cm. The images were aligned and the tomograph reconstructed; visualization of the reconstruction was then performed. 20, 21 A typical image is shown in Figure  2 , from which it is evident that the Ag particles in the MOF are distributed throughout the framework. The Ag@MOFs are not 2-D objects and contain significant depth. An arbitrary cutoff for the contrast difference between framework and Ag does not affect the conclusion that the clusters are embedded regularly within the framework. Tomographic images were also obtained using a thin-tip stage that allows a much wider range of tilt angle (±70°) to reduce elongation effects in the reconstruction. These results are available in the Supporting Information. In summary, our time-dependent TEM imagery, coupled with SAED diffraction patterns, indicate that as-synthesized Ag clusters in the MOF are much smaller than the particles revealed by extended exposure to the beam. SAED patterns, taken before significant electron beam damage to the MOF occurs, show that the MOF crystal structure remains intact after infiltration, as confirmed by the XRD measurements discussed above. Initially, the Ag clusters are too small to be readily imaged with a defocused TEM beam. High magnification, and consequently a focused electron beam, would be needed to resolve clusters on the scale of the MOF pores (1 -2 nm). Since the MOF quickly breaks down under these conditions, it is virtually impossible to obtain images of the clusters in their as-infiltrated state. Only after the MOF breaks down and coalescence occurs can high-resolution images of Ag clusters be obtained. This explains the larger-than-pore clusters seen in other metal infiltrated MOFs. However, several questions still remain, such as the oxidation state of the as-synthesized Ag, the actual cluster size, and the types of interactions with the MOF that keep the Ag from coalescing into larger particles, which we discuss below.
To determine the oxidation state of the Ag after infiltration, x-ray photoelectron spectroscopy (XPS) was performed (see Supporting Information.) The analysis confirms our expectation that using ethanol as the infiltration medium produces a reducing environment capable of forming Ag(0) in situ. 22 Reported binding energies for the Ag 3d 5/2 peak range from 368.1 to 369.0 eV for neutral Ag, from 367.3 to 367.6 for Ag + , and from 367.8 to 368.0 eV for Ag 2+ . [23] [24] [25] [26] [27] XPS spectra for Ag@MOF 4 exhibit Ag 3d 5/2 and 3d 3/2 peaks at 368.6 and 374.6 eV, respectively, indicating that the Ag is uncharged. The escape depth of electrons at these energies is 20 -30 Å, so XPS probes a depth of one or at most two MOF unit cells, so additional analytical techniques, sensitive to the bulk state of the material, are required to show that in our infiltrated MOF crystals Ag is distributed throughout the material.
Without the aid of electron-beam imaging techniques, the determination of actual size of the Ag clusters is not straightforward. Powder x-ray diffraction (PXRD) patterns of the as-synthesized Ag@MOF materials confirm that the long-range crystallinity of the MOF is unaffected by the infiltration process (Fig. S1 .) Small changes in relative peak intensities are most likely the result of greater X-ray absorption by the infiltrated Ag, which perturbs the sharpness of the electron density function of the MOF unit cell. 2, 28 However, the PXRD patterns of all three Ag@MOFs exhibit no peaks attributable to crystalline (fcc) Ag. This result reinforces the conclusions that the particles have dimensions no larger than the MOF pores, since it is known that Ag clusters smaller than ~1 nm crystallize in icosahedral or decahedral geometry 29 and are too small to generate Bragg diffraction peaks. 30 There is also a slight possibility that the Ag is in an amorphous state; however, this is unlikely due the strong thermodynamic driving force towards crystallization. Electron paramagnetic resonance (EPR) spectroscopy is sensitive to the bulk properties of a sample and has previously been used to show that small Ag clusters can be paramagnetic. EPR spectra of Ag@MOF-508 (3a) and Ag@MIL-68(In) (3b) exhibit a well-defined isotropic quartet centered at g = 2.001, which is expected for Ag(0). 3, 31 Unfortunately, this signal is obscured in Ag@Cu(BTC) by signals due to the triplet state of the binuclear Cu(II) building units and by a signal attributed to impurity mononuclear Cu(II) ions. 32 Previous work by Kevan et al. on small Ag clusters in zeolite templates assigns this isotropic quartet signal to linear Ag 3 clusters. 31 The strength of the signal indicates a significant population of the Ag 3 0 clusters throughout the bulk of the two templates, particularly in the Ag@MOF-508 material, where the pore size is small and the geometric barrier to coalescence is high.
To probe the mechanism behind the formation of these Ag 3 clusters, we endeavored to determine at which stage the Ag 3 0 species are formed. A previous report has claimed that Ag 3 clusters can spontaneously form in aqueous solutions, or that such species are inherently present as impurities in commercial AgNO 3 crystals. 33 In that report, mass spectrometry was employed to show that Ag 3 clusters exist within aqueous solutions and are the basis for the formation of triangular silver nanoplates. To test this theory, we performed ESI mass spectrometric studies on diluted samples of our aqueous-ethanolic AgNO 3 Our results further indicate that the MOF provides both physical and chemical kinetic barriers to the Ag agglomeration. To assess the size of these barriers, differential scanning calorimetry (DSC) of infiltrated MOFs was performed and reveals Ag crystallization transitions between 250-310 °C (Fig. S3. ) Interestingly, both MOF-508 and Cu(BTC) impart greater stability to the small particles with crystallization occurring at ~310 °C. MIL-68(In) with its larger pore diameters has a significantly lower transition temperature at ~250 °C. This result suggests that, while the infiltration of MIL-68(In) is the most efficient (19 Ag/pore), it is least able to stabilize small Ag clusters. PXRD patterns of Ag@MOF samples annealed at 300 °C show clear emergence of crystalline Ag reflections at 2θ = 38.1 corresponding to Ag(111) (Fig S2. ) Analysis of these reflections using a Pearson type-VII curve fitting reveals an average particle size of ~15 nm based on the Debye-Scherer equation. Because the crystallization event is quite exothermic, as evidenced by DSC, it is likely that framework destruction and local coalescence is occurring during the annealing process. These observations are similar to the electron beam damage observed during TEM analysis in that Ag agglomeration occurs rapidly when the kinetic barrier to crystallization imposed by the MOF is overcome. The two methods are inherently different, however, in that annealing activates the Ag, whereas the electron beam destroys the MOF. The analyses above support the hypothesis that the MOFs are able to impose, at a minimum, steric constraints on the Ag clusters to maintain their small size. In addition, FTIR spectra show that MOFs provide chemical stabilization of clusters. The spectral changes induced by infiltration (Fig. 4) are evidence of the unique interactions between the clusters and each of the frameworks. In all three cases, the strong M-O (M = Cu, Zn, or In respectively) and C=O stretches are significantly perturbed, indicating that the Ag clusters interact with the majority of organic linker groups within the material. MOF-508 (Fig. 2a) shows a marked red-shift in the Zn-O stretch occurring at ~1640 cm -1 . The carbonyl stretch near 1390 cm -1 also shows a slight red-shift. The electron-rich carboxylate moiety of the secondary building unit (SBU) in MOF-508 should donate into a proximal silver cluster, weakening both the Zn-O and the C=O bonds. Cu(BTC) (Fig. 2b) shows somewhat different IR behavior upon silver infiltration. There are two different Cu-O stretches present in this MOF, one from the degenerate equatorial carboxylate bonds and one from axially coordinated water. In the neat material, the Cu-OH 2 mode at 1570 cm -1 is rather weak. However, the presence of a silver cluster near the SBU likely desymmetrizes this stretch via induction and bond distortion, leading to a red-shifted and much stronger absorbance. Note that the C=O stretch is largely unaffected, indicating that a greater interaction occurs between the silver and the water. This effect is also evidenced by the smaller red-shift of the Cu-O 2 C mode relative to the Zn-O shift in MOF-508. In MIL-68(In) (Fig. 2c) , the In-O stretch is blue-shifted while the C=O stretch is again red-shifted. This phenomenon is likely due to the special case of indium being a row 5 and a main group element. The higher polarizability of indium with respect to zinc or copper allows electron donation to the silver cluster to occur through the indium preferentially to the carboxyl oxygen. This effect would lead to a strengthening of the In-O bond, which is highly coordinative. The strengthening of the In-O interaction comes at the price of weakening the carbonyl bond. In all cases, the presence of observable interactions in the IR supports the conclusion that the silver is both uniformly distributed, small, and chemically interactive with the MOF. As mentioned above, we demonstrated that evaporating Ag onto Cu(BTC) apparently produces a SERS effect, 5 suggesting a particle-specific probe of the infiltrated MOFs described here. The Raman spectra of the three empty templates are compared with their Ag-infiltrated counterparts in Figure 5 . MOF-508 (Fig. 5a ), which at 6-7 Å has the smallest accessible pore, exhibits only minor changes in its Raman spectrum following infiltration, with a slight intensity enhancement of the ~1600 cm -1 breathing mode and the ~1390 cm -1 carboxylate symmetric stretch. As the pore size increases to 1.56 nm in Cu(BTC), a significant increase in the magnitude of the Raman scattering perturbation occurs. The line shape seen in Figure 5b is identical to one we reported previously for evaporated Ag, 5 suggesting that both liquid-phase infiltration and metal evaporation produce similar MOF-cluster interactions. MIL-68(In), which has the largest and most accessible pores, exhibits the most strongly affected Raman spectrum compared to the empty framework. Observation of the In-O mode at ~400 cm -1 is particularly noteworthy because the metal cations in MIL-68 reside within a low-symmetry environment that typically reduces Raman intensities. This trend in the Raman enhancement appears to be correlated with the MOF pore size, providing additional evidence that the Ag clusters are restricted in their growth by the MOF. If the majority of Ag in these materials is in the form of Ag 3 , it is unlikely that the changes observed in the Raman spectra are due to a plasmonic enhancement as previously postulated. 34 More likely the perturbations arise from local chemical interactions of the molecular-sized Ag clusters with the framework as was observed in the FTIR.
Conclusions
In conclusion, our investigation demonstrates that solution infiltration of three distinct MOFs with AgNO 3 results in uniform distribution of molecular Ag 0 clusters with sizes proportional to the MOF pore dimensions. EPR spectroscopy confirms the presence of paramagnetic clusters Ag 3 clusters. Vibrational spectroscopy supports the conclusion that the pore-included Ag clusters are both small in size (Raman spectroscopy) and well distributed throughout the MOF (FTIR). FTIR analysis also demonstrates the ability of the MOF to chemically constrain the agglomeration of Ag leading to a large kinetic barrier towards crystallization. Electron tomography confirms the hypothesis that the Ag is thoroughly dispersed throughout the template. Much larger particles observed by us and previous investigators using TEM are the result of damage to the MOF by the electron beam. Careful study of the effects of the TEM electron beam on these relatively soft materials shows that in our studies-and possibly in others-greater than pore-size clusters are largely artifacts of the imaging technique. Thus, care should be taken in the interpretation of electron microscopic data on MOFs and possibly other soft materials.
INFILTRATION OF MOFS WITH FULLERIDE
The similar size of some MOF pores and fullerenes (c. 1 nm) offers interesting possibilities by incorporating fullerenes and their alkali salt derivatives, fullerides, as guest species into the pores. Fullerides can be metallic or even superconducting, and these properties depend largely on the geometrical arrangement and spacing between the fulleride anions. Infiltrating the MOF pores with fullerides and using the pore structure of the MOF to control the fulleride arrangement should result in MOF-fullerene composites possessing interesting electronic properties. With partial loading of fullerenes into the pores, it may also be possible to preserve some porosity while still inducing electronic conductivity.
As a demonstration of the ability of fullerene C 60 to infiltrate MOF pores, a previous report examines the solution-phase infiltration of neutral C 60 (as opposed to fulleride) into the pores (11-12 Å) of MOF-177 (zinc benzene-1,3,5-tribenzoate). 1 Fullerides have also been incorporated via solution into one-dimensional pores of derivatized mesoporous silica. 2 In the latter case, the pore sizes are relatively large, and the fullerene molecules are expected to form disordered chains within the pores. Still, interesting electronic properties were observed.
For our work, we initially attempted to infiltrate MOFs with small, one-dimensional pores. We expected the smaller pores to force the fullerene molecules to form more ordered, 1-D chains which should show stronger interaction with each other, and hence more interesting electronic properties. Since the van der Waals diameter of C 60 is known to be approximately 10.4 Å, MOFs with pore sizes within the range of 10-13 Å were chosen. The MOFs, shown below with their pore size diameters, are zinc 1,4-benzenedipyrazolate, 3 cobalt 2,5-dihyroxyterephalate (also known as CPO-27), 4 and copper [bis(4-carboxy-benzyl)]amine. We initially expected that the close size match between the pore and fullerene diameters would induce strong van der Waals interactions, which would serve as the driving force for the infiltration. Samples of the above MOFs were desolvated, and soaked in dry toluene solutions of C 60 for periods up to weeks. However, based on the lack of color change in the otherwise white or light-colored MOFs and similar lack of color change in the supernatant, no significant amounts of C 60 were incorporated into the pores with this method. Given the 1-D nature of the pores, it is possible that the pores must be extensively desolvated, and it possible that solvent species or residual water may be enough to clog the pores.
Since it appears that the pore size of these 1-D pores may have been too small, or the 1-D nature is prone to clogging, we have also attempted to infiltrate the pores of MOF-177 with potassium fulleride (K 3 C 60 ) in dry THF solution. This framework has been previously infiltrated with neutral C 60 in toluene, although the structural integrity or infiltration yield has not been characterized. The smallest pore apertures are 10.8 Å, with larger chambers connected by these apertures. Powder samples of MOF-177 were desolvated, and then soaked in THF solutions of K 3 C 60 with approximately 0.7 pore volume equivalents of K 3 C 60 . After soaking for 2 weeks, the MOF sample was washed and filtered. Visual analysis, combined with powder XRD, shows that a heterogeneous mixture of fullerene/fulleride and MOF, together with a loss of crystallinity in the MOF has resulted. The disordered MOF results even pristine MOF samples are soaked in dry THF with no fulleride. Hence, it may be caused by the solvent or during other steps, rather than action of the fulleride. We are currently investigating the use of alternative solvents for the infiltration of K 3 C 60 into the pores of MOF-177. 
APPENDIX A. SUPPORTING INFORMATION
General
All reagents were purchased from Aldrich or Acros, and solvents were purchased from Fisher and used without purification. FTIR was performed in solid state as KBr pellets on a BioRad FTS-40 infrared spectrophotometer. Powder X-ray diffraction was conducted on a Scintag XDS 2000 with 45 kV 40 mA Cu kα x-ray source using dual 1mm soller slits for source and dual 0.5 mm slits for the detector. MOF samples were typically scanned at 0.03º/step and 1.5 sec dwell time. Raman spectra were collected on an Acton SpectraPro model 2750 0.75 m triple spectrometer, with a Spectra Physics diode pumped and frequency doubled Nd:YAG 532 nm laser as the excitation source at a power of ~0.25 mW at the sample. All spectra were taken with a microprobe apparatus consisting of a 20× objective to focus the incident light to a spot of ~2 μm2 and collect the scattered light in 180° backscattering geometry. Samples were exposed from 2-30 seconds depending on the strength of the signal.
MOF Synthesis Cu(BTC):
Copper(II) nitrate trihydrate (2.9 g, 3 eq.) is dissolved in 25 mL of nanopure water. Trimesic acid (1.68 g, 2 eq.) is dissolved separately in 25 mL of 200 proof ethanol. The solutions are mixed in a pyrex media jar and capped tightly. The reaction vessel is sealed in a thick-walled PTFE jar for secondary containment, and the apparatus is placed in an oven at 110 °C for 24 hours. The blue crystalline precipitate is filtered and washed 3x with ethanol then 3x with water and allowed to air dry for 3 days. The reaction gives a yield of 75% based on copper. The crystals are activated under low vacuum (10 -1 Torr) at 180 °C over night. Note that reexposure to ambient atmosphere will hydrate the open coordination sites on the copper building units. The powder x-ray diffraction pattern is consistent with the literature. 
MIL-68(In):
Indium(III) nitrate (2.45 g, 1 eq.) and terephthalic acid (1.2 g, 1.15 eq.) are dissolved in 30 mL DMF in a pyrex media jar with sonication and heating. The reaction vessel is tightly capped and placed in an oven at 100 °C for 2 days. The MOF precipitates in large (200 µm) crystallites, which are allowed to cool and are then filtered and washed with DMF. Yield based on Indium is 80%. The MOF is activated under low vacuum (10 -1 Torr) at 180 °C over night and gives an x-ray powder diffraction pattern consistent with the literature.
3 Activated MIL-68(In) was found to have a Langmuir surface area of 956 m 2 /g.
Ag Infiltration
In a typical infiltration experiment, ~100 mg of the chosen MOF was activated under low vacuum (10 -1 Torr) at 180 °C for 16 hours, then further evacuated at room temperature on a schlenk apparatus (10 -2 Torr.) Ag(I) nitrate (256 mg, 1.5 mmol) was dissolved in 500 µL nanopure water then diluted to 3 mL with 200-proof ethanol to generate a 0.5 M AgNO 3 solution in 5:1 ethanol/water. The Ag salt solution was then cannulated into a glass vial containing the evacuated MOF to generate a slurry. The reaction vessel was backfilled with N 2 , sonicated for 2 minutes to ensure thorough mixing, placed on a shaker and agitated 16 hours at 250 rpm. Following thorough washing to remove excess salt or unbound Ag particles, the samples were reactivated at 200 °C and 10 -1 Torr for 16 hours. Figure S1 . Powder x-ray diffraction patterns of a) MOF-508, b) Cu(BTC), and c) MIL-68(In) before and after Ag infiltration. The blue boxes indicate reflections of the framework which show dramatic relative intensity shifts due to x-ray absorption by nearby Ag clusters such that they almost appear to be new reflections. 
Powder x-ray diffraction
Differential Scanning Calorimetry
Differential scanning calorimetry was conducted on a Mettler-Toledo DSC822 at a ramp rate of 10 °/min under a 20 mL/min Ar flow. For MOF-508 and MIL-68(In) samples the temperature range was 25-475 °C and Cu(BTC) samples were run from 25-400 °C Figure S3 . DSC traces of a) MOF-508, b) Cu(BTC) and c) MIL-68(In) before and after Aginfiltration. Ag@MOF-508 shows two large exothermic peaks at 312 and 370 °C. Based on the annealing experiments, the transition at 312 °C is determined to be the initial Ag-crystallization while the higher temperature transition is likely a framework reorganization, consistent with TGA data.
1 Ag@Cu(BTC) shows the crystallization transition again around 315 °C. The DSC confirms the hypothesis that Ag weakens the axial water coordination at the Cu building units allowing the release of those waters at lower temperature. Ag@MIL-68(In) shows a much lower temperature crystallization transition than the other two materials. Likely, this is due to the larger pore spaces allowing more physical mobility of the Ag clusters.
X-ray Photoelectron Spectroscopy
XPS analysis was conducted with a HAC 5000 (VSW) spectrometer and a DAR 400 (Omicron) Al Kα (1486.6 eV) X-ray radiation source. The chamber pressure was below 1 × 10 -8 Torr during the data acquisition. The binding energies were calibrated using the peak position of hydrocarbon (C1s) at 284.8eV. Figure S4 . XPS survey of Ag@MOF-508 taken on a film drop cast from ethanol on ALDaluminum oxide on silicon. The insets show regions corresponding to the Zn 3p and Ag 3d electrons. The insulating alumina surface causes the sample to charge, inducing a shift to higher energy of ~3.8 eV. Figure S5 . XPS of Ag@MOF-508 in the Ag(0) with the Ag 3d 5/2 and Ag 3d 3/2 highlighted and fit to Gaussian-Lorentzian functions. Each peak is well resolved, singular, and corresponds to binding energies of 368.6 and 374.6 eV, respectively, after reference to the standard C 1s and accounting for charging. Figure S6 . XPS of Ag@MOF-508 on alumina@silicon showing the O 1s region corrected for charging. Here the Gaussian-Lorentz fitting reveals two contributions to the overall signal. The small lower energy shoulder centered at 528.9 eV corresponds to the alumina support. The main peak centered at 531.3 eV arises from the MOF sample. This data shows well the effect of charging on the MOF due to x-ray absorption on the insulating surface. Figure S7 . EPR spectra of Cu(BTC) (left) and Ag@Cu(BTC) (right) taken at 77K. In both cases, the signal is dominated by the characteristic Cu(OAc 2 ) dimer from the SBU of the Cu(BTC) framework. The spectrum of the neat MOF was taken at low power to help improve the resolution of the dimer spin state. The appearance of a poorly resolved peak at g = ~2 in the Ag@Cu(BTC) may be caused by the presence of Ag 3 clusters; however without full resolution, this conclusion is only speculative. 
Electron Paramagnetic Resonance
Transmission Electron Microscopy
All MOF samples were imaged using a JEOL 2010F field emission electron microscope operating at 200 kV. The MOF samples were suspended in ethanol and sonicated. A copper TEM grid with lacey carbon support film was then dipped into the solution and allowed to dry. For bright field imaging, a cryogenic TEM stage (Gatan model 636) was used to keep the MOF samples cooled to ~100 K using liquid nitrogen, to help minimize electron beam damage. 
Discussion of Movie Files
Ag@MIL-68(In) breakdown.mov: The camera will move to the left over an area of unexposed material, which will begin to quickly degrade. The changing Bragg conditions of the MOF crystal will cause a wave-like dark contrast progression along the lateral direction as it degrades. Ag particles will then coalesce into spherical particles on the 2-5 nm range. The camera will move further to the left over more unexposed regions with the same result. Ag@MOF-508 breakdown.mov: The camera will move to the left over an area containing several needle-like crystallites unexposed to the electron beam. Under the beam irradiation, the MOF crystals will quickly degrade and shrink, and the Ag will visibly coalesce in to spherical particles. Ag@MOF-508 breakdown-walkingBragg.mov: After a few seconds, the camera will move down and to the right over an area of material previously unexposed to the electron beam. As the electron beam degrades the MOF crystal, the changing Bragg conditions of the crystal will cause a dark contrast wave-like effect throughout the framework, and again the Ag will coalesce.
Electron Tomography
A JEOL 2010F field emission electron microscope operating at 200 kV with a high-angle annular dark-field (HAADF) detector in scanning TEM (STEM) mode with a camera length of 15 cm at 225 pA beam current. Images of the same area of Ag@MOF-508 were taken every one degree of tilt along a range of ±35°. For the movies labeled "wideangle", a thin tip holder with a theoretical tilt range of ±70° was used to minimize elongation. Practical tilt angles used in this reconstruction are from +70° to -51°. The images were aligned and the tomograph reconstructed; visualization of the reconstruction was then performed. 4, 5 Assuming the set of HAADF images have ~ 1 nm resolution, using the Shannon-Whittaker treatment given in Hoppe, the tomograph retains ~ 1.8 nm resolution in the vertical direction of the beam direction (Z) and 1 nm in X-Y plane. Requires the use of red-blue filter glasses to achieve full effect.
